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Introduction: Wassonite, ideally stoichiometric TiS, 
is a titanium monosulfide not previously observed in 
nature, that was discovered within the Yamato 691 
EH3 enstatite chondrite [1].  Because of the submicro-
meter size of the wassonite grains, it was not possible 
to determine conventional macroscopic properties. 
However, the chemical composition and crystal struc-
ture were well constrained by extensive quantitative 
energy dispersive x-ray analysis and electron diffrac-
tion using transmission electron microscopy (TEM).  
The crystal system for wassonite is rhombohedral (a = 
3.42 ±0.07, c = 26.50 ±0.53 Å) with space group: 
R 3 m (R9 type), cell volume: 268.4±0.53 Å3, Z=9, 
density (calculated): 4.452 g/cm
3
, empirical formula:  
(Ti0.93, Fe0.06, Cr0.01)S.   
In this study, we discuss possible formation me-
chanisms of wassonite and its associated minerals 
based on the petrology, mineralogy, crystallography, 
thermodynamic calculations, Al/Mg isotopic systemat-
ics and the O-isotopic composition  of the wassonite- 
bearing BO chondrule. 
General mineralogy of the wassonite-bearing BO 
chondrule: Major phases of the wassonite-containing 
BO chondrule include olivine (Fa 0.7) and a feldspath-
ic, moderately sodic mesostasis. All 12 of the wasso-
nite candidate grains occur within the mesostasis of the 
BO chondrule. In field-emission scanning TEM (FE-
STEM) observations of the focused ion-beam (FIB) 
section (Fig.1), we identified a wassonite grain (50  
450 nm in size, hereafter wassonite grain #1) cutting 
through the middle of an unknown Ti-rich layer phase 
having approximately the same cell parameters as 
schöllhornite [2] (a=3.32, c=26.6, Na0.3CrS2•H2O) and 
wassonite (a=3.4, c=26.6).  Attached to one side of this 
assemblage, schöllhornite and another unknown Ti-rich 
hydrated phase occur (the unknown phase has a differ-
ent composition but the same cell parameters as 
schöllhornite). Minor phases in the FIB section are 
enstatite, troilite, Fe-Ni alloy, osbornite, schöllhornite, 
and three unknown titanium-sulfide phases in the me-
sostasis.  All of the minerals associated with wassonite 
grain #1 are illustrated in Fig. 1b. 
Wassonite and surrounding hydrated phase:  
Schöllhornite, associated with wassonite, also occurs in 
the Norton County aubrite with other Cr-rich minerals, 
probably formed by terrestrial weathering of caswell-
silverite (NaCrS2) [2].  Caswellsilverite has been ob-
served previously as inclusions in enstatite crystals and 
in the brecciated matrix of the Norton County aubrite 
[6], and between coarse pyroxene grains in chondrules 
in the Qingzhen EH3 enstatite chondrite [7].  The un-
known Ti-rich hydrated mineral surrounding the was-
sonite (Fig.1) may have formed by alteration of wasso-
nite under conditions similar to the replacement of 
caswellsilverite by schöllhornite.  However, no other 
minerals show evidence of aqueous alteration in the 
BO chondrule.  
NiAs-type TiS vs. Wassonite (R9-type): In synthetic 
(Fe,Ti)S monosulfide studies, the NiAs structure oc-
curs in compositions region from pure FeS to 
(Fe0.4Ti0.6)S and pure TiS, while high Ti-content 
(Ti>Fe)S shows the R9 structure [8].  The a- and c-axis 
of the NiAs structure monotonically increases and de-
creases with increasing TiS content, respectively [9].  
The R9 structure phase is a NiAs-type superstructure 
transformed from the NiAs phase during cooling. The 
phase transformation from NiAs-type to R9-type is 
very sensitive to the cooling rate [10]. TiS tends to be 
R9-type rather than NiAs-type when cooled slowly 
(from 1200ºC to water quenched vs. 30ºC/min [11]). 
When the original melting T is low (800-1000 ºC), TiS 
becomes R9-type, regardless of the cooling rate [11].  
Formation of wassonite: The wassonite-bearing BO 
chondrule was originally a totally molten object and 
the low Fa content of the olivine is indicative of its 
high melting temperature. It probably formed from a 
reduced olivine-rich precursor dust-ball assemblage 
with very little FeO. The other phases in the BO chon-
drule are highly reduced and indicate formation at low 
oxygen fugacities.   
We evaluated potential wassonite formation 
processes using thermodynamic constraints derived 
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Fig1: Associated minerals with wassonite in the FIB section from the BO chondrule in Y 691. (a) A mosaic of bright 
field STEM micrographs. (b) Mineral distribution image generated from the x-ray spectral mappings superimposed 
over Fig 1a. 
 
from the associated mineral assemblage.  The presence 
of coexisting enstatite and forsterite and lack of Ti-
oxides provide constraints on the oxygen fugacity. It is 
clear that the ferromagnesian silicates and the Ti-
bearing sulfide-nitride assemblage are not in equili-
brium with each other, with fO2 and fN2 values differing 
by orders of magnitude.  This discrepancy suggests 
melting of a TiS- and TiN-bearing silicate precursor 
under oxidizing conditions. The stability of wassonite 
at high temperatures in S-rich and H-depleted systems 
suggests that it can form as a refractory residue in a 
system depleted in Ca. The wassonite likely formed as 
a residue during  evaporation of Ti-bearing troilite, and 
most likely is a relict phase in the BO chondrule.  
Because chondrules in different chondrite groups 
have different O-isotopic compositions, different mean 
sizes and different proportions of textural types [12], it 
seems likely that chondrules formed locally in the ne-
bula.  Thus, this BO chondrule including its TiS grains 
presumably formed in the same inner-solar-system lo-
cation where the EH asteroid accreted.  
Wassonite may only occur in this type (BO) of 
chondrule because most other chondrules may have too 
much FeO or may not have reached such high tempera-
tures. Wasson [13] noted that volatile elements such as 
Na and S occur in chondrules in their cosmic propor-
tions. Thus, most chondrules were not devolatilized 
and could not have been heated above 1000 K for 
longer than ~100 s. This corresponds to a mean cooling 
rate exceeding 30,000 ºC/hr.  This scenario is consis-
tent with the synthetic TiS polymorph studies. 
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